Abstract: Developing and enhancing strategies to characterize actual forests structure is a timely challenge, particularly for tropical forests. P-band synthetic aperture radar (SAR) tomography (TomoSAR) has previously been demonstrated as a powerful tool for characterizing the 3-D vertical structure of tropical forests, and its capability and potential to retrieve tropical forest structure has been discussed and assessed. On the other hand, the abilities of L-band TomoSAR are still in the early stages of development. Here, we aim to provide a better understanding of L-band TomoSAR capabilities for retrieving the 3-D structure of tropical forests and estimating the top height in dense forests. We carried out tomographic analysis using L-band UAVSAR data from the AfriSAR campaign conducted over Gabon Lopé Park in February 2016. First, it was found that L-band TomoSAR was able to penetrate into and through the canopy down to the ground, and thus the canopy and ground layers were detected correctly. The resulting TomoSAR vertical profiles were validated with a digital terrain model and canopy height model extracted from small-footprint Lidar (SFL) data. Second, there was a strong correlation between the L-band Capon beam forming profile in HH and HV polarizations with Land Vegetation Ice Sensor (LVIS) Level 1B waveform Lidar over different kinds of forest in Gabon Lopé National Park. Finally, forest top height from the L-band data was estimated and validated with SFL data, resulting in a root mean square error of 3 m and coefficient of determination of 0.92. The results demonstrate that L-band TomoSAR is capable of characterizing 3-D structure of tropical forests.
Introduction
Tropical forests have major impacts on Earth's ecosystem in terms of carbon storage, regulating water, and weather. Above-ground biomass (AGB) is the most important parameter related directly to the amount of carbon in the global ecosystem cycle [1] . Uncertainty in balancing the global carbon budget arises from a deficiency in AGB density estimation and carbon stocks in tropical forests. Indeed, This paper is organized as follows: Section 2 describes the materials and methods used in our tomographic analysis. The validation of the results is illustrated in Section 3. Section 4 is devoted to discussing and interpreting the tomography results. Section 5 concludes the paper and states the future works.
Materials and Methods

Study Area
The NASA-sponsored AfriSAR campaign was carried out over the tropical forests of Gabon in Africa. This campaign performed L-band UAVSAR acquisitions in February 2016. The campaign was conducted in collaboration with an ESA-sponsored campaign [25] . UAVSAR and Lidar systems flew over the same sites where ESA platforms acquired data. We will focus on the presentation of Lopé in which our tomographic study was conducted (Figure 1 ). Lopé National Park is one of the largest national parks in central Gabon, covering an area of 4913 km 2 . Although the terrain is mostly rain forests, the scene in the northern part is composed of the last remnants of grass savanna created in Central Africa during the ice age 15,000 years ago. The park was the first protected area in Gabon. It is frequently tracked by the National Park Agency of Gabon, which makes it well-cited as a perfect scientific research site ( Figure 1 ). This landscape consists of vast Savanna areas in the north, bounded by the Ogooué River and often burned to preserve the forests' Savanna areas, in addition to an expanded region of compact tropical forests with patches of successive forests with complex structure, which are advanced through time with savanna recolonization [27] . Lopé is a convenient landscape to show the effective performance of UAVSAR for tomographic imaging due to the gradient of forest biomass from the forests' savanna boundary (up to 100 Mg/ha) to compact undisturbed humid tropical forests (greater than 400 Mg/ha). Tree height and vertical structure can also vary gradually from savanna through forests, providing mono-dominant uniform trees of Okoumé (30-50 m tall) to regions with dense Marantaceae understory, and large gaps in mid-canopy, creating skewed vertical profiles. The topography of Lopé is also diverse, varying between large flat plains and steep sloping terrains. To achieve qualitative analysis between UAVSAR-TomoSAR vertical profile and Lidar waveforms, three regions of interest (ROIs) were selected. These regions include: two ROIs in the Okoumé-dominated forests (OKO1 and OKO2), and one ROI in colonizing forests (COL1) ( Table 1) . 
Data-Sets
Different data-sets were acquired over Lopé Park during the AfriSAR campaign. The NASA AfriSAR campaign involved three data-sets: UAVSAR data, LVIS Lidar data, and SFL data.
Radar Acquisitions Configuration
The AfriSAR campaign aims to provide support to forthcoming NISAR, GEDI, and BIOMASS missions. Using UAVSAR and the LVIS waveform Lidar instruments, NASA acquired 39.6 and 32.4 flight hours of data, respectively, over various sites in Gabon for the sake of calibration, verification, and new algorithm exposition of several ecosystem science products. The operating band of the UAVSAR radar instrument was 1217.5-1297.5 MHz (L-band; data can be downloaded from https: //uavsar.jpl.nasa.gov/cgi-bin/data.pl), which exploits an electronically scanned array antenna to allow robust repeat-pass interferometric measurements [28] . The Gulfstream III jet, with an acceptable flight altitude of 12.5 km, allows the scanning of about a 22 km wide area, with incidence angles extending from 25 to 60 degrees. A typical UAVSAR polarimetric single-look complex (SLC) product has ground range and azimuth resolution of 2.5 m and 1.0 m, respectively [29] . In the following, we show the tomographic imaging over the northern part of Lopé National Park in Central Gabon using seven Pol-InSAR single-look-complex images collected by UAVSAR. The total area covered by the image was 22 km × 50 km, but a region of approximately 1 km × 5 km was considered for our study. The UAVSAR dataset acquired over Lopé is fully polarimetric, and was gathered by increasing the aircraft altitude by 20 m each flight track, leading to significantly low variation of vertical resolution from near range to far range. We present the acquisition parameters of UAVSAR configuration in Table 2 , and the baseline configuration of the acquisitions is shown in Table 3 . Using different instruments, two Lidar data-sets were collected over the area of Lopé Park. The first data-set, which we will refer to as the SFL data-set, was acquired by Sassan Saatchi's team (JPL) in July 2015 with a variable point density and footprint diameter of about 10 cm. The data-sets were pre-refined to eliminate any helicopter motion artefacts in order to present a more uniform point density of about 10 points per m 2 for vegetation characterization. i) DTM, ii) CHM, and other canopy metrics derived from CHM were derived from SFL data. Slope maps were estimated based on the DTM, and the heights of the Lidar point were normalized by removing the ground elevation. The DTM and CHM data were developed in a raster format at 1 m posting, characterizing the forest structure of an area of approximately 15 km 2 of old growth and successive forests, as well as savanna vegetation of the northern Lopé study site. The second Lidar data-set was acquired by NASA's airborne Land Vegetation Ice Sensor (LVIS) during March 2016 as a part of the NASA-ESA collaboration of the BIOMASS, GEDI, and NISAR calibration and validation activities. LVIS is a large-footprint Lidar (LFL) with full-waveform capability with applications in measuring ground elevation and the vertical profile of vegetation structure in various ecosystems. There are two different datasets available for LVIS: Level 1B and Level 2 (data can be downloaded from https://lvis.gsfc.nasa.gov/Data/Data_Download.html). The level indicates the amount of processing undergone by the data before it was published. Level 1B data contain georeferenced Lidar returned waveforms. Level 2 data contain georeferencing information for different reflecting surfaces within the laser footprint, the locations of which were derived from the Level 1B waveform.
TomoSAR Background
TomoSAR implementation requires accurate handling regarding the relative phase difference between different passes. The rationale of TomoSAR is to employ multiple flight tracks that are nearly parallel to each other [21] , as shown in the left panel of Figure 2 . The ensemble of all flight lines allows the formation of a 2D synthetic aperture, resulting from the coherent multiple single-look complex (SLC) images of different passes, providing the possibility of focusing the signal in the entire 3D space. By exploiting tomography, SAR data can be converted into a new multi-layer SAR data stack where each layer represents scattering contributions associated with a certain height, as shown in the right panel of Figure 2 [21] . We will refer to (r, x, ξ) as the slant, azimuth, and cross ranges, respectively. We considered a data-set of SLC images acquired by N sensors in parallel track, and Y n (r, x, ξ) denotes the SLC value within pixel resolution cell (r, x, ξ) in the n-th image. The expression of topography-compensated (tc) SLC data can be approximated [30] as:
where P(r, x, ξ) denotes the projection of target reflectivity along the cross-range axis ξ; and ξ represents the cross-range coordinate, orthogonal to the radar line-of-sight (LOS) that is defined by the slant range coordinate r. We can define k n , which is the wavenumber associated with the cross-range direction.
where R is the distance from the sensor to the scatterer, λ is the carrier wavelength, and b n is the normal InSAR baseline with respect to the master track. 
TomoSAR Phase Calibration
Prior to MB SAR algorithms, a fundamental issue should be taken into account, which is the phase calibration of the TomoSAR data, in order to compensate the phase residuals that influence the focusing of MB SAR data. These phase disturbances originate from atmospheric propagation delays or an error in allocating the platform position. To overcome this issue, we adopted UAVSAR data for phase calibration using an algebraic synthesis (AS) approach. This technique is an algebraic procedure to decompose ground and volume scattering based on multibaseline and multipolarimetric data [31] . This approach was already realized and validated at P-Band based on campaign data from BioSAR, BioSAR 2, and TropiSAR; see [22, [32] [33] [34] .
The TomoSAR data phase calibration using the AS approach was done by eliminating the ground-phase contributions from the tomographic SLC data. The exploitation of multipolarimetric and multibaseline (MPMB) data allows the identification of different scatterer mechanisms (SMs) [33] . The separation of the ground contribution and the vegetation from MPMB data was performed by presenting the data covariance matrix through the sum Kronecker product (SKP) [31] .
The structural model of the data covariance matrix, where each SM is presented by the Kronecker product of two matrices, is addressed as follows:
where Y is the MPMB SLC data vector, H is the Hermitian conjugate, W denotes the data covariance matrix, k is the total number of SMs that contribute to the SAR signal, and C g,v and R g,v are the polarimetric signature and structure matrix corresponding to the ground and volume contributions, respectively. The first step of phase calibration was to retrieve an initial guess for ground phases by applying Capon spectrum estimation using the HH channel, then the original data were corrected using this ground phase. Then, the ground phases were retrieved by the sum of Kronecker products (SKP) model. Assuming two main scattering mechanisms (i.e., ground and volume scatterings), we obtained the best LS approximation of the covariance matrix W by retaining the first two terms of the SKP Decomposition, and the matrices R g , R v , C g , and C v could be determined from the terms of the SKP decomposition via a linear transformation. Starting from initialization of ground phases, one can present the initial guess of ground phase at each track n by:
where B n is the normal baseline relative to track n, r is the slant range for the whole scene, z g is the terrain topography, and θ n is the look angle associated to each track n:
Here, z denotes the vertical axis used to apply the spectrum estimation problem. Then, we can retrieve the ground phases at each track n, which can be expressed by:
where η n is the phase screen at track n. After the estimation of the ground covariance matrix, the phase linking algorithm is applied to estimate ground phases.
where PL denotes the phase linking algorithm [30] . Then, the calibration was carried out by removing ground phases from the original SLC data to obtain the calibrated SLC data.
Finally, Capon beamforming power estimation was applied to get the tomographic profiles.
TomoSAR Inversion
SAR data were acquired over forests from slightly different altitude and incidence angles, providing useful information in the vertical direction [21] . The L-band UAVSAR airborne system provides a fully polarimetric mode in the NASA AfriSAR campaign. Tomographic techniques composed of power estimation methods were applied to the multibaseline SLC data to retrieve the backscattered power that characterizes the vertical profile of the forests [21, 22] . In this paper, the Capon beam forming power estimator was applied to represent the vertical profile of vegetated areas.
Capon Beam Forming
Capon beam forming is a non-parametric power estimation method used in tomographic analysis that allows a continuous vertical profile to be obtained without any knowledge of the statistical properties of the data [35] . The Capon estimated vertical profile P c (ξ) is retrieved from the covariance matrix of the MB SLC data [36] , and can be expressed as:
where a(ξ) is the steering vector containing the interferometric information for a scatter at cross range ξ for all the baselines relative to a master track, and W is the maximum likelihood estimation of the covariance matrix. Y denotes the multibaseline SLC data configuration. N is the number of tracks. Note that since the inverse of the estimated covariance matrix is used, the Capon estimator requires W to be well-conditioned in order to ensure that W −1 can be trusted.
Estimate Forests' Top Height
The canopy structure in tropical rain forests is more complex than any other forest type. The main challenge in such a field is the estimation of the forests' top height because it is often difficult to clearly identify the top leaf or branch of a tree in the canopy. TomoSAR has been demonstrated as a powerful tool to estimate forests' top height thanks to its accurate characterization of the vertical structure of tropical forests. Forests' vertical structure can be observed by taking a tomographic profile, that is, a slice of the multi-layer data stack. Using the Capon beam forming power estimator, we can retrieve the 3-D backscatter distribution from the multi-layer SLC and show the vertical backscatter distribution function. Each vertical distribution is characterized by two effective contributions: one corresponding to the signal, where most of the backscatter is concentrated-the so-called Canopy contribution or phase center; and another contribution corresponding to the reflected signal from the ground. Figure 3 shows a schematic view of the vertical backscatter distribution in which it is assumed that the shape of the distribution can be divided into four zones. The first zone corresponds to the ground contribution, which is the signal reflected from the ground. The second one corresponds to the canopy layer contribution. The third one is the power loss zone, where the backscatter undergoes a loss along the vertical direction from the phase center (canopy contribution) location. Further away, the backscatter Capon profile is dominated by noise, unlikely to be associated with any physically relevant components. Forest top height can be retrieved by two different ways, either by identifying the power loss from the phase center location in the upper envelope of the profile or by identifying the power loss from the noise level (location of the highest return detected by the TomoSAR platform) to the forest's top height. H(r, x) = argmin(P(Hn, r, x) − P(Hc, r, x) − K),
where P(Hn, r, x) is the backscatter at the phase noise level, Hn is the elevation of the noise level, K is the power loss value, and Hc is the height value ranging from Hn down to the canopy peak elevation in the upper envelope of the profile. Since the forest top height retrieval is dependent on the choice of the power loss value, we used the CHM from the SFL data-set to select the optimal power loss value and retrieve the forest's top height.
Tomographic imaging is carried out simply by taking the Fourier beam forming (with respect to the normal baseline) of the MB SLC data-set at every slant range and azimuth location (r, x). The result of this process is a multi-layer SLC stack, where each layer refers to a height above the terrain. Here, we will refer to each image within the multi-layer data stack simply by the associated height (e.g., 15 m layer, 30 m layer), or as a ground layer for the image focused at 0 m. To provide a comparison of tomographic layers associated with each height, we also show the layers of the selected study area extracted from the Lidar LVIS waveform. A schematic view of the Lidar waveform is illustrated in Figure 4 , where it is characterized by canopy and ground contributions. 
Results
This section is devoted to presenting the L-band tomographic imaging at different zones over Gabon Lopé Park. The experiment was formed based on N = 7 tracks of L-band fully polarimetric SAR images. The baseline spacing was 20 m, resulting in a total baseline of 120 m.
The backscatter SLC image, where we chose the studied sections, is illustrated in Figure 5a ,b). The tomogram was validated using SFL data (Figure 5e,f ) . The Capon estimator was applied on sliding windows of 33 × 33 pixels (n = 1089 pixels = 2722 m 2 ) for each position in the azimuth and range directions. The tomographic profiles from the Capon beam forming power estimator were normalized between 0 and 1. The first observation is that the tomographic profiles achieved a good correlation with the CHM and DTM from SFL data, and the canopy layer and ground layer were clearly detected, as shown in Figure 5e ,f. A qualitative comparison between HH and HV Capon profiles and the LVIS profile is illustrated in Figure 6 . The LVIS Level 1B was used to plot the vegetation profiles at different ROIs. The mean DEM value on the corresponding ROI was added to the vertical sampling of the LVIS profiles for the sake of presentation. Additionally, the mean value of the SFL data for ground elevation DTM was added to the canopy elevation CHM. We observed that the mean LVIS profiles were similar to the tomographic Capon profiles. The Lidar LVIS Level 2 data at three different layers are illustrated in Figure 8 . RH25, RH50, and RH75 are heights relative to the elevation at which 25%, 50%, and 75% of the waveform energy occurs. Moreover, forest top height was estimated from L-band TomoSAR data using the CHM from SFL Lidar data. We assessed forest top height location (in the tomographic profile similar to the schematic shown in Figure 3 ) with respect to noise floor location, with the power loss ranging from −11 dB to −8 dB with a step of 0.1 dB (as shown in Figure 9 ). The bias associated with L-band TomoSAR top-height decreased regularly with the power loss, while the root mean square error decreased from about 8.3 m at −11 dB down to 3.32 m at penetration loss equal to −9.2 dB, which is significantly low. Then, it tended to increase after this value to reach about 5.5 m at a penetration loss value of −8 dB. The bias value at penetration loss equal to −9.2 dB was −0.059 m. After obtaining the optimal value of penetration loss, we could estimate the forest top height from TomoSAR data based on this value. We then compared the extrapolated L-band TomoSAR top-height with the CHM SFL data over the same area. Figure 10 shows forest top height estimated from Figure 10a L-band TomoSAR, Figure 10b CHM from SFL data, and Figure 10c shows the difference between the estimated height (from L-band TomoSAR) and reference height CHM. 
Discussion
In this paper, we proved that L-band TomoSAR imaging can be feasible, even in tropical forests. A tomographic study was implemented using L-band NASA/JPL UAVSAR data collected during the AfriSAR campaign in 2016. We showed tomograms at different sections of the Lopé and validated results with SFL data. A qualitative comparison was made between Capon profiles and LVIS waveforms at different ROIs in Gabon Lopé Park. Finally, the forest top height from UAVSAR data was estimated. Thus, these results can confirm our expectation of the ability of L-band TomoSAR to accurately characterize tropical forests' 3-D structure. In order to analyze TomoSAR results, good knowledge about the main factors that effectively control the correct illumination of the scatterers above the ground is required. These factors are: the quality of the tomographic data, power estimation methods used in the tomographic inversion, the operating frequency of TomoSAR signal, and the TomoSAR vertical resolution.
First, the ability to penetrate through the canopy down to the ground was assessed using L-band TomoSAR data. Canopy and ground layers were detected correctly. The tomogram was validated by SFL. In contrast to our study, a previous work carried out on French Guiana [24] showed a limitation in using L-band data, concerning the illumination of the scatterers for dense forests of 30 m height and more. In this paper, we established a correct illumination of the scatterers above the ground in dense tropical forests using L-band TomoSAR ( Figure 5 ). Capon beam forming was applied on a sliding window of 33 × 33 pixels (1089 total pixels) for each position in azimuth and slant range directions. Knowing that using Capon windows of 33 × 33 pixels which blur the details in the vertical direction, it provides a general understanding of the vertical structure of vegetation.
Second, a strong correlation was detected between the Capon profiles at different polarization channels with the LVIS waveform and the distribution of the SFL data, opening prospects to estimate tropical forests' vertical structure using L-band TomoSAR (see Figure 6 ). The LVIS and Capon results showed great similarity. The Capon profiles at these three ROIs were not similar to those found from P-band TomoSAR in [37] . The study carried out over Gabon forests using P-band TomoSAR data in [37] showed that the HH ground contributions were stronger than HV for the analyzed ROIs, while HV canopy contributions were larger than those of HH. Indeed, this behavior is expected for P-band imaging. Here, it is highlighted that we did not have the same performance of P-band concerning the behavior of polarization channels (HH and HV) at L-band data in terms of canopy and ground signals. In our study, the operational response of L-band TomoSAR differed over the ROIs. We could observe the consequence of the weaker penetration capabilities of the LVIS system compared to the L-band TomoSAR in the high vegetation volumes COL1 and OKO2. The penetration potential of each platform could be seen very well in the regions where we had dense vegetation (COL1 and OKO2). We noticed a small shift or offset in the canopy contribution location. It was also clear that the ground contribution from L-band TomoSAR was stronger than that of LVIS data.
Moreover, when observing Figure 7 , it can be seen that the ground layer image was characterized by better contrast information compared to the original SAR image. The signal at ground level was focused by the tomography processing, thus rejecting the contributions from the vegetation layers and allowing the characterization of the polarimetric signature of ground scattering. We could study the behavior of the polarimetric signature with respect to topographic terrain ground slope and often interpret this behavior by a physical model to understand different scattering mechanisms (i.e., single bounce, double bounce). For the sake of comparison with TomoSAR layers, we display the LVIS Level 2 data in Figure 8 . It contains the geo-referencing information of different reflecting surfaces, the locations of which were derived from the Level 1B waveform within the laser footprint. The typical surface parameters are ground elevation, canopy top elevation, canopy height, and several other height metrics. We assumed that RH25 represented the ground layer [38] of the Lidar LVIS waveform, RH50 represented the 15 m layer, and RH75 represented the 30 m layer. Regarding the RH25 layer, there was no ground contribution because of the penetration capabilities of the Lidar LVIS, which is different from SAR penetration performance.
Finally, canopy height estimation using L-band TomoSAR data can be performed efficiently even in tropical forests. By evaluating the vertical forest structure from tomographic profiles, forests' top height can be retrieved. Using the CHM from SFL data as a reference, the power loss value of −1.8 dB (from −11 dB to −9.2 dB, a 1.8 dB difference) with respect to the noise floor location (in the vertical profile distribution, upper zone) was used to retrieve forest height with no bias and minimum errors. Note that the same power loss value cannot straightforwardly be transferred to other campaigns' study cases. As shown in the frame of the BioSAR 2008 campaign [33] , the power loss should be varied in space due to a strong variation of the vertical resolution across the scene swath. Here, the RMSE was estimated to be 3.32 m, as shown in Figure 9 . This shows that there is no limitation to the implementation of a canopy height retrieval algorithm with L-band TomoSAR. Recent studies reported an RMSE of 2.5 m using P-band TomoSAR in tropical forests [22] . P-band penetration performance is better than L-band due to its longer wavelength, which allows fewer interactions with leaves and branches, leading to a deeper penetration to the ground layer. To give precise knowledge about the accuracy of our proposed method applied in estimating forest top height, in Figure 10c we show the spatial distribution of the height differences between L-band TomoSAR and Lidar height. After analyzing the histogram of Figure 11 , it is noticed that the histogram of the height difference between TomoSAR and Lidar tended to be normally distributed. We can generalize that the height difference values between TomoSAR and Lidar were distributed around −0.059 m, having an RMSE of 3.32 m. Our results considerably reinforce the proposal that L-band TomoSAR will be able to provide highly a accurate 3-D vertical structure, even in highly dense forests worldwide.
Conclusions
In this work, TomoSAR analysis was applied for estimation of the forest canopy height and terrain using L-band UAVSAR AfriSAR data collected over Gabon Lopé Park in February 2016. Prior to tomographic imaging, a phase residual correction methodology based on the sum Kronecker product was implemented. The tomographic Capon profiles at different sections of the forests were validated in a good correlation with SFL Lidar data DTM and CHM from the SFL data-set as a reference. Second, we compared the vertical profile of vegetation at different sections in Lopé Park using the L-band TomoSAR Capon power estimator at HH and HV polarizations with LVIS Level 1B waveform Lidar data. Finally, we reported on the performance of forest top height retrieved from the TomoSAR L-band data. Forest top height from L-band data was estimated and validated with SFL data, having an RMSE of 3.32 m. The results demonstrate that L-band tomographic imaging can now be carried out even in dense tropical forests. We hope that our results reinforce the scientific basis to estimate tropical forests' structure using TomoSAR at L-band. L-TomoSAR appears to be a promising technique for the retrieval of tropical forest height. One of the main perspectives is to compare TomoSAR analysis using L-and P-bands in tropical forests, showing their abilities to retrieve the 3-D structure of tropical forests, and to provide support for using L-band TomoSAR in future biomass estimation missions. 
